Bohm's interpretation of Quantum Mechanics leads to the derivation of a Quantum Kinetic Equation (QKE): in the present work, propagation of waves in charged quantum gases is investigated starting from this QKE. Dispersion relations are derived for fully and weakly degenerate fermions and bosons (for the latter above critical temperature) and the differences discussed. Use of a kinetic equation permits investigation of "Landau-type" damping: it is found that the presence of damping in fermion gases is dependent upon the degree of degeneracy, whereas it is always present in boson gases. In fully degenerate fermions a phenomenon appears that is akin to the "zero sound" propagation. 
Introduction
In recent years much work has focused on transport processes that need to be treated from a quantum mechanical point of view. Some examples include electron gas in metals, miniaturisation of electronic devices, dense astrophysical systems, dense plasmas and laser-matter interaction [1] [2] [3] [4] [5] [6] . Much of the recent work, however, has been conducted in the framework of the fluid model, i.e., through macroscopic equations. The present work does not analyse a specific problem, but rather its aim is to investigate quantum effects on certain fundamental phenomena, like wave propagation and Landau damping in fermion and in boson systems: to this end, a kinetic equation approach is needed. Kinetic equations incorporating quantum effects can be derived from a Bohm potential point of view [7, 8] . The Bohm potential is given by the following expression for a system of N identical particles of mass m: 
Disregarding the effects of correlation in calculating the contribution of quantum potential as, e.g., in the Hartree method [9] ,
where R (r ) is the modulus of the single particle wave function Ψ and the subscripts 1 N refer to particle 1 N respectively. A quantum kinetic equation (QKE) can be derived [8] in the "traditional" form (details of the derivation are presented in the Appendix A):
where is the single distribution function,
∂ ∂
coll is the applicable (as yet unspecified) collision term, the quantum force F Q derives from the Bohm potential:
and F C is the classical force term. If in particular charged particles are considered, in the absence of external fields, the mutual electrostatic force will need to be considered: this is effected through a selfconsistent field E, and if near collisions can be neglected the Quantum Vlasov Equation (QVE) is derived as
where a second equation will be needed to determine the electric field. A usual choice is the Gauss equation:
where σ is the charge density and ε 0 is the permittivity of free space. The aim of the present work is to apply the above description to derive dispersion relations for waves of small amplitude in systems of boson and of fermion gases.
Wave propagation
Consider a gas of particles of charge q in a neutralising field of opposite charge (like, for instance, electrons in a field of ions), with no external forces, in some equilibrium described by a homogeneous, uniform distribution function 0 (v), and in which charge neutrality entails E = 0. Consider then a small perturbation along the z-direction, described as follows:
then the particle density n can be written as
The density perturbation will bring about a perturbation in the pre-existing charge neutrality, generating a non vanishing distribution of charge density σ = ν ( ), hence giving rise to an electric field. In the present case of variation only along
It is clear that any possible wave propagation under these conditions will be along the z direction. The starting point is (4), particularised for the present case:
Keeping in mind the above definition of F Q (Eq. (11)), and the fact that the density n is proportional to R 2 , the square of the modulus of the single particle wave function, introducing the perturbation and neglecting all terms of order higher than first the quantum force becomes
Likewise, introducing the perturbation in the QVE and using the above expression for the perturbed quantum force, neglecting again all terms of order higher than first, the linearised QVE is obtained, together with its companion Gauss equation,
where 0 is the Fermi-Dirac distribution function for fermions and the Bose-Einstein distribution function for bosons.
Taking a Fourier transform with respect to the space variable and a Laplace transform with respect to time of Eqs. (14) and (15) and rearranging, calling Ψ ( v ) the double transform of ( v ), N ( ) that of the density ν ( ) and E ( ) that of the electric field E ( )
where˜ ( v = 0) is the Fourier transform of the initial perturbation ( v = 0). Now, introducing (17) into (16) and noting that (as can be seen immediately upon double transformation of (9), since the velocity is not one of the transformed variables)
the result can be integrated over velocity space yielding
or, after rearranging and performing the integration over and ,
where the following notations have been adopted:
where the upper sign holds for fermions and the lower one for bosons; here γ is the statistical weight, K B Boltzmann constant, and the fugacity α is connected to the chemical potential µ by the usual relation α = exp [µ/K B T ]. The integrals in Eq. (20) are to be calculated in the complex w plane, where w is a complex variable of which is the real part. Eq. (20) can then be written more accurately as
where the path Γ is the straight line that lies on the real axis, and the following symbol has been introduced:
In a plasma, the above expression (Eq. (24)) is the plasma frequency. Inverse Laplace transformation of Eq. (16) is rather involved, however, it is not indispensable if interest is focused on the asymptotic solution for large t [7, [10] [11] [12] [13] . Then the evolution is dominated by the rightmost zero of the denominator in Eq. (23), and if its imaginary part is negative this will give rise to a "Landau-type" damping. Therefore the problem is reduced to finding the solutions of the following equation
The derivative inside the integral is different for fermions and bosons
where, again, the upper sign holds for fermions, and the lower for bosons.
Dispersion relations

Fully degenerate fermions
In the limiting case of full degeneracy, the Fermi-Dirac distribution function approaches the value
Where F is the velocity corresponding to the Fermi energy:
and U ( ) is the step function, or Heaviside function, given by
The derivative of the reduced distribution of Eq. (22) becomes for this case
Then the integral in Eq. (25) can be calculated, starting with the Cauchy principal part:
where the arctg function is defined here strictly in the − + ε 2 (1 + ) 2 + ε 2
where Φ has been written for the ratio ω/ , i.e., the phase velocity, and and ε are defined as:
Notice preliminarily that ε = 0 solves identically (35) whenever the Heaviside function vanishes, i.e. whenever 
The same expression was obtained, e.g., in [3] (for vanishing streaming velocity) from a Wigner equation treatment.
Here the 2 term (the one containing ) is the effect of the Bohm Potential. If a further term is retained in the expansion of the logarithm, i.e., the term in 5 , the dispersion relation becomes 
The above expression (Eq. (41)), neglecting the third term stemming from the Bohm potential gives the expression reported by Landau [13, 14] . Also of interest is the experimental trend observed by Glenzer et al. [15] , exhibiting the same behaviour shown by Eq. (41), see also [6] . Consider now the case where Φ > F only slightly, assuming once more that ε 1: again, the Heaviside function vanishes, leaving ε = 0. Then Eq. (34) becomes 1 = 
Here Φ > F , consistent with the initial assumption. The term containing represents the effect of the Bohm Potential. It can be noticed that for the case of neutral fermions, the above expression parallels the zero sound propagation [13, 16, 17] , approaching asymptotically Φ = F for → ∞. As was seen in Eq. (41), for small values of k the behaviour is entirely different, and the two expressions Eq. (41) and Eq. (43) can be regarded as the two limiting cases for small and large values of respectively.
A prominent feature of the above results is the absence of damping, ε = 0: this was to be expected since, as discussed by Landau [14] , when the phase velocity is larger than the Fermi velocity of a fully degenerate fermion system, there can be no resonant particles, i.e., particles with a velocity equal to that of the propagating wave. Therefore no energy can be exchanged between the wave and the particles.
Bosons above T and weakly degenerate fermions
Both cases correspond to values of the fugacity α < 1, therefore the ratio on the right hand side of Eq. (26) can be expanded in series of exponentials, and then integration performed. This leads to the following dispersion relation (Eq. (44)), paralleling [7] :
where the characteristic velocity is given by the following expression 49) and the ζ functions are defined as shown [18, 19] :
Also [18] ,
Upon multiplying by 4 and considering the real part, a biquadratic equation for ω is obtained as follows 
The above result was obtained upon the condition | | 1, hence 2 ± 2 Ω 2 ; therefore a further simplification can be obtained approximating the square root:
or simply
Once again, the 3 term, containing , is due to the Bohm Potential. This result can be seen to revert to the classical dispersion relation for Langmuir waves in plasmas in the limit → 0, i.e., when the Bohm Potential is neglected. Considering fermions, comparison of the above expression with Eq. (41) shows a marked similarity. The structure of the two equations is the same, the only difference being in the velocity in the second term: the thermal velocity for the weakly degenerate case and the Fermi velocity if degeneracy is full. For bosons, it must be stressed that Eq. (55) was obtained without taking into account binary interactions among particles, but rather considering bosons subject only to the Bohm potential and self-consistent electric field. The model would clearly be inadequate in describing a liquid, e.g. liquid helium, where interparticle interactions are strong enough to modify substantially the physical framework. However, for gases above critical temperature, as considered here, interactions are too weak to produce those features typical of boson liquids, for instance, the rotonic minimum in the dispersion relation [20] [21] [22] .
Conclusions
If quantum effects are represented through the Bohm potential, a QKE is derived along the lines of classical statistical mechanics. Waves can be studied with this QKE: in the present work, this QKE is used to investigate wave propagation in fermion and in boson gaseous systems, possibly charged, either fully or weakly degenerate. As should be expected, the dispersion relations obtained are complex: the real and imaginary parts constitute a system of two equations in the ω and η, the frequency of the wave and the damping factor. In principle, then, these two quantities can be expressed as functions of the wave number . In the case of fermions, there is a marked difference between weak and full degeneracy: in the former case the thermal velocity appears in the dispersion relation (see Eq. (55)), whereas in the latter the Fermi velocity takes its place (Eq. (41)), therefore there is propagation even at vanishing temperature (zero sound). Furthermore, it is found that no Landau damping is present in this latter case. This can be contrasted with the behaviour of bosons for which a Landau damping is always present. The ratio of phase velocity to Fermi velocity plays an important role in the behaviour of fully degenerate fermions, as the dispersion relation is widely different.
Appendix A
With the Bohm quantum potential, see Eq.
(1), the Hamiltonian of the system is given by
With Bohm's interpretation of quantum theory, every particle has a position and a momentum precisely defined with values that change with continuity. Following this interpretation every individual system can be in a precisely defined state, whose changes in time are determined by laws that are similar, albeit not identical, to the classical equation of motion. Following this line of thought, every particle follows a well defined trajectory and, if the initial position and momentum of a particle are known, its entire trajectory can be calculated. Hence, the Liouville theorem holds. Again, in the context of the Bohm view particles do have position and momentum and are not subjected to a fundamental incertitude as per Heisenberg principle. The Liouville function for an assembly of systems of N particles can be defined in the usual terms as the density of representative points in the face space:
and, referring to the conjugate variables q and p Liouville's equation can be written as shown in Eq. (A3) [13] :
Successive integration over the phase space of one or more particles leads, as usual, to the BBGKY hierarchy: the first equation will be considered now, i.e. that obtained multiplying each term of the Liouville equation by N and integrating over the position and momentum of all particles but one: let this latter be labeled particle 1. Insofar as the terms not containing h are concerned, the procedure follows the classical case with the well-known results; only the term containing Planck's constant deserves special consideration. This term is given by the following summation however, the term with = 1 does not. The term reads as follows:
To calculate the integral R N needs be specified. As a first approximation, and for the sole purpose of calculating the contribution of the quantum potential in the first equation of the hierarchy, the effects of correlation will be disregarded:
as is done, e.g., in the Hartree method [9] . Introducing this approximation into Eq. (A6), since the gradient is taken with regard to r 1 and therefore operates only on R (r 1 ), all other components R (r 2 )···R (r N ) cancel out, and one obtains, calculating the remaining integral: 
